Abstract-An OpenGL/C+ real-time graphic environment, part of P training simulator for uroiogleal operations, is presented me graphic environment simulates endoscope insertion la a small diameter deformsblr tube sad is used with a low-force S-dof farcefeedback haptic mechanism. Piecewise Buicr interpolsdons are used for smooth urethra deformations. A novel partide-baaed model computes the form and torquer fed to the baptics Realistic texture8 from medical databases me employed and a 25 Ips refreb rate is achieved using the Reodering Thread metbad. The overdl simulator software is made of three processes running on two distinct piatlorma, communicating via Ethrrner and TCPIIP.
These include limited depth perception and field of view, inaccurate tool position and orientation, and inadequate force feedback. Therefore, MIS surgeons need many hours of training, mostly in vivo ' with animals. However, such training is limited for ethical and economic reasons.
These problems call for training simulators with which both surgical residents and medical students may be.trained. Simulators are less expensive, reduce animal use and result in faster training. Development of a useful and realistic surgical simulator requires the use of a virtual reality graphical environment and of haptic technologies. For example, the VRGY is an endoscopic surgery simulator, using the Pantoscope, [l] . The "Karlsmhe Endoscopic Surgery Trainer" and the "Virtual Endoscopic Surgery Trainer" are laparoscopic simulators that use the software system KISMET, [Z].
While the ability to interact with a virtual environment through the feel of forces is important, a realistic visual representation of human anatomy and tissue deformation is also of great importance. Soft tissue modeling methods, employed in graphical environment models of soft tissues, can be divided into Geometry-Based Methodr and Physics-Based Methodr.
In the frst, to display deformations, a user moves surface vertices or control points that surround a tissue. These methods are fast and result in smooth visuals but exclude the underlying deformation mechanics. To compute forces, a separate force-model, is employed.
Geometry-based methods are further subgrouped as
Vertex-Based and Spline-Based methods. In the former, a user directly manipulates surface vertices to display deformations. Polynomial functions that fitted experimental data on finger pad deformation to model other organs were used in [3]. In spline-based methods, a user displaces indirectly surface vertices, manipulating a lattice of control points that surround the object, thus producing smoother deformations, for example see [4].
In physics-based methods, interactions dynamics is taken into account, increasing simulation realism. In FEM, a 3D object volume is discretized into finite elements. Due to limitations in computational power, several simplifications have been applied to implement FEM in real-time, [IO] , [Ill, [12] . To reduce complexities introduced by mesh generation, the Meshless Finite Spheres Method has been developed and applied in cases with changes in topology. The method was used to simulate cutting, [13], and to model soft biological tissues, [14]. However, hybrid models that combine geometry and physics-based approaches seem to give the best real-time results, [15] .
This paper describes the design and implementation of a urological operation, OpenGWC++ real-time graphic environment working with a haptic device. The environment simulates endoscope insertion in a small diameter deformable tube that undergoes large displacements. Using piecewise Bezier interpolations, smooth urethra deformations are produced. A sinusoidal profile is used to describe the transition of diameter change from the urethra to the endoscope. A novel particle-based model computes forces and torques fed to tbe haptics. Realistic textnres from medical databases are employed. During the main operation, the endoscope rotates in all directions but its tip translates minimally. These observations point.out that although the endoscope can have any orientation in a cone, its tip translations'occni on the plane of symmetryof the patient, z-y, see Fig. 1 . Therefore the graphics must represent five degrees-offreedom (dof), i.e. two translational and three rotational. methodology was employed that combines Geometry and Particle-Based techniques. In this approach, smooth deformations are produced by parametric cubic interpolations, while forces are computed separately.
The study of typical endoscope paths revealed that the path center-line can be approximated by the parabala y = 0.132'. The urethra's cross-section is assumed to be circular with a constant radius at the undeformed state.
The urethra's surface is constructed using parametric cubic curves and points through which these pass. These points are obtained by discretizing the surface in both the peripheral and axial directions, The points are obtained by using an orthogonal surface with equidistant points in both directions, see Fig. 2 . The urethra is produced by folding the orthogonal surface about its z axis. This results in points 8 , e, eo, eI and P , coinciding with e, e, e,, e9 and P , respectively. The points 8 , ...,e define the first peripheral section etc., see Fig. 2 . The number of points that define each section is assigned to the parameter value n while the number of sections is assigned to the parameter value w. In Fig. 2 , n = 5 and w = 5.
peripheral section, the next five points define @e second . . The haptic interface kinematics are characterized by translations along the y and z fixed axes by 10 cm, rotations around the endoscope I' axis by +180", and rotations about the remaining two axes by *30". The translation along the endoscope path ABC in Fig. 1 is of the order of 20 cm. The measured maximum endoscope forces are 4.5 N along the I and y axes. The maximum measured torques are 150 mNm about the endoscope fixedy'andx'axes and lOmNm about thez'axis.
HI. GEOMETRY OF THE URETHRA
To select the proper methodology for modeling the deformable urethra, the various proposed techniques have been studied. FEM are.not recommended for realtime applications due to the large computational load. Also, MFS are advantageous mostly in complex .situations, such as those involving changes in topology during cutting procedures. Since this simulator does not require such topology changes, but rather various training scenarios, MFS was also not selected. Using elements from the remaining methods, a hybrid and ends at 8 , etc. Also the first axial interpolation begins at P. and ends at P,, the second begins at I: and ends at e,, etc. To produce smooth deformations, we must maintain at least tangent direction continuity at the interpolating points, i.e continuity G ' . Out of the parametric cubic curves, only the piecewise Bezier or Hermite interpolations satisfy the above requirements, [ 181. The Bezier form is chosen, because the tangent direction and magnitude are better depicted using control points. Each quadnlateral surface in Fig. 2 , for example the one defined by points e, e,, e, and e, is formed by four Bezier segments, of which the I*' passes through points and 0 , the Zd through 5, and el, the 3d through P, and e, and the 4~ through e and e?. The control points Ce that define the shape of the Bezier curves, see Fig. 3 , are calculated by the Catmull-Rom method, [19], which can represent closed curves with an appropnate choice of the first and last inner control points such as the Cf: and Cp?, in Fig. 3 . For smoothness, the tangent magnitude is constant along the first and last segment of any peripheral or axial interpolation. To this end, the first and last inner control points are placed in the I. 3 of the distance between the respective pair of points [IS] . The knot sequence i s created using the Chord Length , the second begins at method, which produces small curvature variations, thus giving smooth deformations, [19] .
To obtain the geometry of Fig. 1 , the centers of the peripheral sections must lie on the parabolic center-lie. The section planes-are rotated properly about the x axis, so that they are normal to the tangent vector of the parabola at the corresponding center position: Combining the piecewise Bezier interpolation in both directions, the geometry in Fig. 4 is produced, where the centers of the sections with j = O,,,., (w-1) are equidistanced along the z axis. ,/c..
CP"". C X P " cp. 
m. DEFORMATION OF THE URETHRA
During the endoscope insettion, the urethra is deformed based on three criterions: (a) the endoscope diameter is greater than the urethra's, (b) the endoscope is rigid and (c) the endoscope position and orientation are variable.
To satisfy these requirements and to be able to implement an accurate force model, the peripheral sections are divided in two sets. The fmt set, called set of baric sections, defmes at any time the global urethra geometry. Sections in this set are fixed and do not move along the urethra center-line. The second set, called the moving deformation, represents the deformation of the urethra close to the endoscope tip. These are spatially dense, move along the urethra center line and define the transition fiom the endoscope diameter to the urethra diameter during insertion. A sinusoidal profile was chosen for the moving deformation, since it allows for smooth attachment of the deformation on the endoscope and the urethra. Note that second degree polynomials, such as those used in [3], cannot he used here due to tangent discontinuities at one of the two ends. The moving deformation passes through the basic sections without displacing them along the urethra center-line.
The above concept is implemented and its results are shown in Fig. 5 , where the propagation of the deformation of the urethra due to endoscope insertion with respect to the center-line is shown. The endoscope radius is assumed to be four times greater than the undeformed urethra's. Arrows in Fig. 5 indicate basic sections, while a dashed arrow indicates the endoscope tip section. The moving deformation is described by ten subsections. Two integer parameters are used to define which snapshot is depicted each time. Embodying the criterion (b), the urethra's part on the endoscope must acquire the endoscope geometry. At tint the centers of the sections that belong to that part of urethra must lie on the endoscope's straight axis. Then the planes of these sections must be normal to the endoscope axis of symmetry. Combining criteria (a) and (b) the result in Fig: 6 is produced for an arbitrary choice of parameter values. The sections are denominatedj = 0, ..., (wl). According to criterion (c) the endoscope may not move along the parabolic center-line or be tangent to it at the point where deformation occurs. In this case the sections ahead of the endoscope tip must be translated and rotated about x axis, to follow the user manipulations, in a way that the sections close to tip are affected more than the ones far from it. Section j = w-l is not translated, because it represents the fixed plane for the bladder entrance. Also, sections close together, like these in the moving deformation, should undergo the same amount of translation and rotation, otherwise they may intersect one another. Finally to avoid intersection between the moving deformation and section j = m+l 1, the effect on this section should gradually increase reaching that of the moving deformation, as parameter I takesgreatervaluesintherange 1, ..., 10.
The deviation of the endoscope position ay and orientation SO, with respect to the corresponding position and orientation on the undeformed center-line are measured. These can be distributed linearly in the sections j = (m+ll),.,., (w-1) according to the above constraints. The result is depicted in Fig. 7 for an arbitrary position and orientation of the endoscope. The endoscope also may be rotated by an angle SO, about they axis, on a circular orbit about its tip. In this case, the centers of sections j = 0, ..., ( m + l ) must be translated and rotated by an angle SO, to remain on the endoscope, and normal to its axis. The sections j = (m+2), ..., (w-1) downstream of the endoscope, must be rotated by the angle SO, to avoid overlaying each other.
v. TEXTURES
Texture images taken from medical databases, such as the one displayed in Fig. 8 , are used for covering up the inner urethra wall. Additional textures can be'used according to medical requirements. However, a texture may cover only flat quadrilateral surfaces. To apply this technique to the concave urethra surface, each concave quadrilateral surface in Fig. 4 is discretied into a group of flat quadrilateial surfaces using the Coons method, [.l9 ]. The parameters is used to define the discretization density. For example when s = 5, the method produces a 5x5 mesh of flat surfaces, as depicted in Fig. 9 . To produce smooth shading during lighting, the normal vector of the vertex of each flat surface is used. To calculate this vector, the normal vector of each flat surface is initially calculated as the cross product of two independent surface vectors. Then, the vertex normal vector is calculated by the average of the normal vectors of the surfaces that bound the vertex.
If each flat surface is covered with the entire texture object, then the texture is compressed at the region of the moving deformation, where the sections are near-by, producing an unnatural visual feedback. Someone should better cover the entire surface with the entire texture object, controlling the values of the coordinates f , and f2 according to the values of the parameters m and I, thus taking into account the distance between the sections. The abscissa f , may take values in the axial direction and the ordinate f, in the peripheral direction.
The coordinate correlation is depicted in Fig. IO.   Fig. 10 . Correlation of texture coordinates.
Several deformation states, as shown by the virtual endoscope camera with n = 17, w = 26 and s = 5 are depicted in Fig. 11. . . .. Fig. 11 . Deformation states.
In this figure, the endoscope tip point camera is (a) at the urethra entrance, @) when it reaches the bladder, (c) rotated upwards about x axis, (d) rotated downwards ' a b u t x axis, (e) rotated right a b u t they axis, (0 rotated lefl about they axis, (9) rotated counterclockwise about the z axis, (h) rotated clockwise about the z axis, (i) at an arbitrary position and orientation.
. .
VI. FORCE MODEL
A force model is designed to calculate forces F,<, and FmZ, acting on the human plane of symmetry, y-z, and torques T, , T,, and T, acting about the x, y, and z axes .respectively. These are fed back to the haptic device and are produced using linear or nonlinear spring equations.
The parameters needed for the computation of the forces andmoments are obtained experimentally.
Forces F,<, and F,, are projections of the total resistance force acting along the endoscope axis, F,<, along they and z axes. This force is given by where Fl is Coulomb friction, F2 is viscous friction and F3 is wall resistance force. Force Fl is calculated by (2) where V is the relative linear velocity between the endoscope and the tissue, p is a friction coefficient, N is the force normal to the endoscope axis, V,, is the , .
component of V that is parallel to the endoscope axis, and sgn(V) is the sign of the,velocity V.
To compute the normal force N, a virtual spring model is established on each basic section. To increase the speed of force computations, springs between same and neighboring section points, such as those proposed in [7], were not used. Tbis is reasonable, since the felt force is mostly due to frictional effects and not to springiness along the urethra. Instead here, n-1 springs connecting points pr on each basic section with the urethra center line are employed. Fig. 12a depicts schematically these springs on the first basic section, for n = 5 . The initial length of each spring is equal to the radius of the undeformed urethra. Springs are elongated during endoscope insertion, reaching progressively its radius. . A urethra consists of two parts, of which the first is outside the body and free to move (free part) while the second is inside and constrained (constrained part). A torque around the x-axis, T, , is mainly produced when the endoscope is in the constrained part and whenever the endoscope is off the parabolic center-line. To compute the torques due to urethra deformation during endoscope x rotation and y-r translation, T, , one could use virtual springs connecting each basic section center to a virtual wall point off the urethra, see [SI. This method works well under the assumption of small basic section center displacements on its plane. However, here these sections undergo large rotations and displacements on the y-r plane. To tackle these, rotational springs are placed on basic section centers, see Fig 13% to produce torques due to y-z translation. Also, a rotational spring is placed at the endoscope tip to produce a torque due to x rotations. The tip rotational spring constant is set to zero, when the endoscope is at the free part, and increases linearly according to endoscope position in the constrained part. The constants of the rotational springs at the basic section centers are set to zero at *e free part and to a positive value at the constrained part. During endoscope insertion, the rotational springs j = I, ..., (w-11) are rotated by a relative angle $, between adjacent springs, see Fig. 13b . The last spring j = w-IO is rotated by its absolute angle, #w.,,, about the x axis. The initial angle of the springs is defined at the nondeformed state.
Torque r, is the sum of the rotational spring torques. To calculate torque T,. a rotational spring is assumed to exist at the endoscope tip. The spring constant is set to zero, when the endoscope is at the free part, and increases linearly according to endoscope position in the constrained part.
Torque T, is produced by Coulomb torque friction, T,, and viscous torque friction, TI,
T,=I;+z:
(4) with,
where r is the endoscope radius,V, is the normal to the endoscope axis component of Y and w is the angular velocity about the endoscope axis.
Finally, the viscous friction torque is given by where 6, is the viscous friction in the direction of w .
Colored bars have been used to depict the magnitude of the three torques and that of the resulting force. The green, blue, yellow and red bar represent r,, T,. T, and F, respectively. T,, T,, T, and the two F, components, F,,< and F,*, are fed to the haptics. In Fig. 14 the endoscope: (a) moves forward on the parabola at the free urethra part and is rotated counterclockwise about its axis, so F, and T, are produced, (b) moves backward on the parabola at the constrained urethra part and is rotated clockwise about its axis, so converse F, and T, are produced and T, also appears, (c) moves forward on the parabola at constrained part and rotated right about y axis, so F,c, T, and T, are produced, (d) as before but rotated left about they axis, so converse T, is produced, (e) moves below the parabola at the free part and rotated left ahout t h e y axis, so only F,e and T, exist, (4 as before but above the parabola, so converse T, is produced.
W. REAL-TIME IMPLEhfEWATION
The real-time graphic environment is implemented in OpenGL, a very portable and fast low-level 3D graphics and modeling MI. As an API, the OpenGL library follows the C or C t c calling convention. The final code was written using the GLUT library, which includes basic GUI features that facilitate the building of useful applications and easily provide joystick support.
The developed graphics is part of a training simulator that includes a 5-dof force-feedback haptic device. The haptic device has been developed by the same group at NTUA, [la], [17] . The haptic hardware communicates with the graphics via Ethemet cards and TCPITP. The entire simulator software consists of three processes running on two different platforms.
The fust process includes the control loop and the client side communication between the haptic device and the graphics, implemented in a PC/104 cards stack. This consists of a 233 MHz CPU, a 24 MB solid state flash disk, an Ethernet module, two encoder polling input modules, and an analog output module driving motor amplifiers. To ensure a constant force refiesh rate of 1 KHz, the QNX", a real time operating system from QNX Software Systems Ltd., is employed.
The other two processes are running on a Pentium TV computer equipped with the OpenGUCtc graphic library. The first includes the visual display of the endoscope view of the tissues and their deformations. The second includes the server side communication between the haptic device and the graphics as well as the force model yielding the forces and torques to be felt by the user. These processes are running in parallel, so the force calculations and communications are not delayed by the time consuming graphics.
The PC1104 stack reads from the encoders the endoscope position and orientation. It then calculates the endoscope velocity, and transmits to the PC data for force computation and displaying the graphics. Force commands are sent to the PC/104, which commands the motor amplifiers. Real-time graphics are updated on an average of 25 fps using the Rendering Thread Method [20], which is rarely delayed by Windows.
.
VIII. CONCLUSIONS
In this paper, an OpenGL/C++ real-time graphic environment for urological operations, working with a haptic device, was presented. The graphic environment simulates endoscope insertion in a small diameter deformable tube that undergoes large displacements. Piecewise Bezier interpolations produce smooth urethra deformations. A sinusoidal profile describes tbe urethraendoscope diameter change transition. A novel particlebased model was used to compute forces and torques fed to'the haptics. Realistic textures were used and a 25 fps real-time graphics environment was achieved. The simulator includes three processes running on two platforms and communicating via Ethemet and TCPITP.
